Abstract. The sea level rise contributed from ice sheet melting has been accelerating 14 due to global warming. Continuous melting of the Greenland ice sheet (GrIS) is a 15 major contributor to sea level rise, which impacts directly on the surface mass balance 16 and the instantaneous elastic response of the solid Earth. To study the sea level 17 fingerprints (SLF) caused by the anomalous acceleration of the mass loss in GrIS can 18 help us to understand drivers of sea level changes due to global warming and the 19 frequently abnormal climate events. In this study, we focus on the anomalous 20 acceleration of the mass loss in GrIS at the drainage basins from 2010 to 2012 and on 21 its contributions to SLF and relative sea level (RSL) changes based on self-attraction 22 and loading effects. Using GRACE monthly gravity fields and surface mass balance 23 The Cryosphere Discuss., https://doi
Spatial Averaging and scaling factor methods 200
Observations of mass variability are, in particular, useful for estimates of changes of 201 continental water storage. These water storage changes are generally addressed by 202 constructing specific averaging functions optimized for each region (Swenson and 203 Wahr, 2002) . Note that the averaging kernel method implies a Gaussian averaging 204 function at each point, and sums those averaging functions expressed as the finite 205 number of harmonic degrees in the GRACE solution (e.g. l max = 60 for CSR solutions). 206
Thus, the optimal averaging kernel technique provides an estimate of the total mass 207 change of the region but does not give accurate estimates of sub-regions, such as 208 those in Figure 1 , due to the spatial resolution of the GRACE data. Therefore, the 209 effect of mass changes is spread up to several hundred kilometers outside the region. on the least squares mascon approach to calculate the averaged time series for each 214 region (Jacob et al., 2012; Sutterley et al., 2014) . To evaluate the spatial differences inmascons as shown in Figure 3 , and each mascon was composed of small blocks 217 defined on a 0.5-degree grid; a unit mass equal to 1 cm of water was distributed 218 uniformly over the block (Farrell 1972) . We applied a 150-km Gaussian smoothing 219 function on the Stokes coefficients for the GRACE (GIA corrected), SMB and all 220 mascon coefficients. 221
We simultaneously fit the extended mascon Stokes coefficients, in which GrIS is 222
represented by a single basin, to monthly GRACE coefficients (after post-processing 223 described in section 2.1) to obtain estimates of monthly mass variability for each 224 mascon. The corresponding result in terms of time series of entire GrIS is shown in 225 Figure 4 . When using extended mascons, the mass loss is assumed to be uniformly 226 distributed over mascons, which is not the case everywhere (e.g., because there is no 227 or relatively small mass change over the oceans). Thus, it is necessary to identify a 228 realistic scaling factor. Assuming that there is a 1 cm uniform layer over exact and 229 extended GrIS, the total mass is 17.495 Gt and 39.303 Gt, respectively. We used the 230 exact Greenland mascon as the input to fit the extended mascon to the input signal. In 231 this way, the 0.537 cm uniform mass is obtained over the extended GrIS, which is 232 equivalent to a 46% reduction in ice thickness of the input mass, which is in good 233 agreement with previous studies based on averaging functions extended outside 234
Greenland (Velicogna and Wahr, 2006) . The final scaling factor of the mass inferred is 235 we computed the Stokes coefficients from the input mass, and then fit extended 243 mascon k to the set of Stokes coefficients. Basing on the scaling method described 244 above, those values can be used to construct a ratio matrix A(k,j), which is the 245 contribution of those Stokes coefficients to the result for mascon k . Time series for 246 selected regions were calculated using the corresponding mascons to fit GRACE 247 Stokes coefficients. If M(j) are the true mascon values, and N(k) are the values that we 248 get from the mascon fitting, then the linear observation equations is ! " = 249
. Therefore, the true mascon values may be solved in a generalized 250 inversion by * ' = $ /. (", ')×!. This method not only estimates the total mass 251 change but also provides time series for each sub-area after the leakage correction. 252
However, it is worth noting that the extended mascon increases the weight of the 253 boundary in the sensitivity kernels and also causes external leakage in the fitting 254 results, e.g., mass change from the external glaciers, ice caps and eustatic sea level. years. However, for shorter time scales (1 to 100 years), melting of ice sheets, glaciers 262 and ice caps directly leads to increase of ocean volume and causes instantaneous 263 elastic deformation of the solid Earth. RSL is the height of the sea surface relative to 264 the sea floor, which is defined as the difference between the geoid and the crust. The 265
RSL solution is often referred as the fingerprint of terrestrial mass changes. 266
In this study we use scaled monthly (1 degree × 1 degree) mass change grids of GrIS 267 as input to solve the self-consistent sea level equation (Farrell and Clark, 1976; Milne 268 et al., 1999) and calculate regional SLF due to self-attraction and loading effects 269 
Spatial GrIS variability 277
The spatial pattern of long-term mass trend, shown in Figure 
337
For GrIS drainage basins at the regional scale, the melting rate of GrIS in the southern 338 part is significantly higher than in the northern part. The mass loss in the north and 339 northeast was less than -31 Gt/yr for both GRACE and SMB during 2003-2015, and 340 the mass loss of the other four basins (i.e., northwest, central west, south west and 341 southeast) were several times larger than the ones in the two northern regions. The 342 time series of GRACE and SMB revealed that almost all regions experienced large 343 mass losses in 2010-2012. In the southwest and southeast, we found an anomalous 344 acceleration of the mass loss of -118±18 Gt/yr and -112±17 Gt/yr in GRACE and -345 184±16 Gt/yr and -89±11 Gt/yr in SMB, respectively. The contribution of these two 346 regions is responsible for about 50% of the total loss. In addition, we also found that 347 the melting rate of ice sheets from SMB was greater than the estimates derived from 348 GRACE in the southwest and northeast. This difference indicates that SMB may 349
The that the ice sheets returned to near-normal melt conditions, i.e., the refreezing process 356 reduced the melt extent back to normal conditions (Nghiem et al., 2012) . 357
Sea level fingerprints induced by GrIS 358
The distribution of GrIS mass changes directly affects the combined contributions of 359 the sea level self-attraction and loading as well as of the ocean-land mass balance 360 resulting in differences in the global sea level distribution (Figure 8 ). Melting of ice 361 sheets is confirmed over entire Greenland, especially in the southern part and along 362 the coasts (Figure 6 ). This mass loss of GrIS caused RSL lowering in the entire Arctic 363
Circle, for instance, negative changes of RSL in Scandinavia and Northern Europe up 364 to about -0.6 cm/yr (Figure 8a ). It should be noted that the mass loss of Greenland 365 mainly increases RSL in tropical and southern latitudes due to the isostatic rebound of 366 the sea floor around Greenland (Figure 8b) . mascons covering the anomaly might reduce leakage, so that the anomaly is almost 399 constant across each individual mascon (Jacob et al., 2012) . However, there are also 400 indications that using more and smaller mascons can lead to the drawback that the 401 inversion relies more on the higher harmonic degrees. the results from the exact mascon fitting and the extended mascon fitting after 417 rescaling in the northeast. The results confirm that the exact mascon fitting cannot 418 accurately extract the melting contribution of glaciers close to the border (i.e., 419 sensitivity kernel less than 1 shown in Figure 9a) . Consequently, the time series from 420 the exact mascon fitting in the northeast show an increasing trend, what is 421 inconsistent with the actual situation and contradicts most previous studies (Velicogna 422 et al., 2014; Sutterley et al., 2014) . In addition, the time series obtained by the other 423 two methods also confirm the mass loss trend of ice sheets in the northeast. However, 424 the optimal averaging kernel after scaling may include leakage in other regions and a 425 data-driven approach shows a large noise error in the time series. This is mainly due 426 to the fact that the optimal averaging kernels were created to isolate the gravity signal accuracy for active catchments, and both the scaling factors and the aggregated noise 435 over catchments increase as the catchment size decreases (Vishwakarma et al., 2016) . 436 437 
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In response to positive near-surface temperature anomalies in the years 2010 and 2012, 500 the GRACE and SMB results show accelerated mass loss (Figure 7) . In previous 501 studies, Nghiem et al. (2012) and Hall et al. (2013) already described the major melt 502 event in 2012 in details, which was captured by ice melt maps from three different 503 satellite missions. Seasonal and interannual variations in GRACE time series are 504 qualitatively well reproduced including the large summer mass losses in 2010 and 505 2012 (van den Broeke et al., 2016 . In fact, near-surface air temperatures are most 506 appropriate for making long-range predictions of ice melting caused by climate 507 variability. Differences in mass loss between GRACE and SMB are partly attributed 508 to differences in the temperature input of the SMB model. Although not demonstrated 509 in this study, the use of corrected SMB inputs based on in situ data will provide more 510 accurate results when SMB outputs (i.e., sum of mass fluxes towards and away from 511 the surface ice sheets) are used to refine the vertical and horizontal resolutions of 512 GRACE. In turn, this reduces the uncertainty in the GRACE-based estimates of mass 513 changes from ice sheets. 514
Contribution of GrIS to sea level change 515
It is well-known that global mean sea level variations are dominated by thermal 516 due to varying water mass fluxes from land to oceans. Here, we attempt to find the 518 contribution of the GrIS to present-day global mean sea level rise. As shown in Figure  519 13, the sum of ocean mass variations from GRACE-derived total land contributions 520 and steric sea level from the total steric sea level anomaly data are close to the 521 observed sea level trend of 3.3 mm/yr derived from sea surface height anomaly data. 522
The trend rate of the contributions of the total land (without Greenland), GrIS and 523 steric sea level changes are 1.1 mm/yr, 0.7 mm/yr and 1.4 mm/yr, respectively. It is important to note that a V-shaped or solitary wave sea level change is observed 526 from 2010 to 2012 (black line in Figure 13 ), which is mainly caused by terrestrial 527 water storage anomalies (blue line in Figure 13 i.e., the sea level changes from rising to falling. This result indicates that increased 534 melting of GrIS partially compensated the sea level drop, which was due to a 535 temporary shift of water from the ocean to continents. 536 537
Conclusions 538
In this study, the GrIS variations estimated from GRACE gravity fields and SMB data 539 have been investigated with respect to ice melting of Greenland and its contributions 540 to sea level changes. The spatial pattern of both long-term mass trends obtained from 541 monthly GRACE data and SMB indicates that the ice loss appears clearly over 542 drainage basins in different spatial scales and different time spans. Specifically during 543 the warm period 2010 to 2012, an anomalous acceleration of mass loss occurs in the 544 entire southern and western regions of GrIS, which reflects the major melt event due 545 to higher near-surface temperatures. We calculated time series for six sub-regions 546 defined by mascons using the least squares mascon fitting approach. 547
We found that the GrIS changes from the extended mascons solutions combined with 548 the matrix scaling factor method are in good agreement with previous studies. The 549 rate of the mass loss obtained by scaled GRACE and SMB is 288±7 Gt/yr and 550 275±1 Gt/yr, respectively, from 2003 to 2015. The magnitude of this trend increased 551 significantly to 456±30 Gt/yr in GRACE and 464±38 Gt/yr in SMB in the period 552 2010-2012. The residuals obtained from GRACE after removing SMB may reflect 553 the contribution from glacial dynamics to total ice mass changes. These spatial 554 differences in the residuals among six drainage basins are in good agreement with the 555 surface elevation change rates previously derived from the ICESat data. 
